Iron regulatory protein 1 (IRP1) controls the translation or stability of several mRNAs by binding to "iron-responsive elements" within their untranslated regions. In iron-replete cells, IRP1 assembles a cubane iron-sulfur cluster (ISC) that inhibits RNA-binding activity and converts the protein to cytosolic aconitase. We show that the constitutive IRP1 C437S mutant, which fails to form an ISC, is destabilized by iron. Thus, exposure of H1299 cells to ferric ammonium citrate reduced the half-life of transfected IRP1 C437S from ϳ24 h to ϳ10 h. The iron-dependent degradation of IRP1 C437S involved ubiquitination, required ongoing transcription and translation, and could be efficiently blocked by the proteasomal inhibitors MG132 and lactacystin. Similar results were obtained with overexpressed wild-type IRP1, which predominated in the apo-form even in ironloaded H1299 cells, possibly due to saturation of the ISC assembly machinery. Importantly, inhibition of ISC biogenesis in HeLa cells by small interfering RNA knockdown of the cysteine desulfurase Nfs1 sensitized endogenous IRP1 for iron-dependent degradation. Collectively, these data uncover a mechanism for the regulation of IRP1 abundance as a means to control its RNA-binding activity, when the ISC assembly pathway is impaired.
Iron regulatory proteins IRP1 and IRP2 are cytoplasmic posttranscriptional regulators of cellular iron metabolism (26, 31) . They bind with high affinity to "iron-responsive elements" (IREs), stem-loop structures in the untranslated regions of several mRNAs, such as those encoding transferrin receptor 1 (TfR1), H-and L-ferritin, ferroportin, erythroid aminolevulinate synthase, and mitochondrial aconitase. IRE/IRP interactions control the stability of TfR1 mRNA and the translation of the other mRNAs, thereby promoting homeostatic responses to iron deficiency.
IRP1 and IRP2 are ubiquitously expressed in tissues and appear to have at least partially redundant functions. Thus, mice with single IRP1 (11, 22) or IRP2 (5, 12) deficiency are viable, while double IRP1 Ϫ/Ϫ IRP2 Ϫ/Ϫ knockout mice exhibit early embryonic lethality (35) . The ablation of IRP1 yielded a mild phenotype with minor misregulation of iron metabolism in the kidney and brown fat (22) . The targeted disruption of IRP2 resulted in microcytosis (5, 12) and has been associated with a neurodegenerative movement disorder (19, 34) ; nevertheless, IRP2
Ϫ/Ϫ mice without neurological defects have also been reported (13) .
IRP1 and IRP2 share considerable homology with mitochondrial aconitase and belong to the iron-sulfur cluster (ISC) isomerase family (10) , but they are regulated by diverse mechanisms. Thus, in iron-replete cells, IRP2 undergoes degradation by the proteasome, while IRP1 assembles a cubane [4Fe-4S] cluster that prevents IRE binding (26, 31) . The ISC coordinates at C437, C503, and C506 (6) and converts IRP1 to a cytosolic aconitase. The reversible switch between holo-and apo-IRP1 is associated with conformational changes (2, 43) . The mechanism for ISC assembly in IRP1 is incompletely characterized and very likely involves a large set of mitochondrial and cytoplasmic components, including frataxin (21, 33, 36) , glutaredoxin 5 (42), Abcb7 (30) , Nfs1 (1), Isu1 (38) , and Cfd1 (32) .
An IRP1 mutant with a phosphomimetic S138E substitution, which is defective in maintaining an ISC under aerobic conditions (3), undergoes degradation in iron-replete cells (4, 8) . This finding provided the first link between the status of the ISC and protein stability. Here, we further investigate the effects of iron in the stability of IRP1 and show that, under conditions where ISC biogenesis is impaired, apo-IRP1 is sensitized for iron-dependent degradation via the ubiquitin-proteasome pathway.
MATERIALS AND METHODS

Materials.
Hemin, ferric ammonium citrate (FAC), MG132, lactacystin, bafilomycin A1, cycloheximide, and actinomycin D were purchased from Sigma (St. Louis, MI). Desferrioxamine (DFO) was from Novartis (Dorval, Canada).
Cell culture. Human H1299 (lung cancer) and HeLa (cervix carcinoma) cells were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. H1299 clones expressing either IRP1 C437S (HIRP1 mut ) or wild-type IRP1 (HIRP1 wt ) by a tetracycline-dependent promoter (tet-off system) were main-tained in the presence of 2 g/ml tetracycline, 2 g/ml puromycin, and 250 g/ml G418. The HIRP1 wt cells were generated with the same approach employed earlier for HIRP1 mut cells (41) . 293-GPG packaging cells (25) were grown in supplemented Dulbecco's modified Eagle medium in the presence of 1 g/ml tetracycline, 2 g/ml puromycin, and 300 g/ml G418.
Immunoblotting. Cells were washed twice in phosphate-buffered saline (PBS) and lysed in cytoplasmic lysis buffer (25 mM Tris-Cl, pH 7.4, 40 mM KCl, and 1% Triton X-100). Cell debris was cleared by centrifugation, and the protein concentration was determined with the Bradford reagent (Bio-Rad). Cell lysates (30 g) or, when indicated, immunoprecipitated material were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% gels, and the proteins were transferred onto nitrocellulose filters. The blots were saturated with 10% nonfat milk in PBS and probed with FLAG (M2-FLAG; Sigma), IRP1 (8), IRP2 (12), Nfs1 (1), ␤-actin (Sigma), or ubiquitin (Santa Cruz) antibodies, diluted 1:1,000 in PBS containing 5% nonfat milk and 0.5% Tween 20 (PBST). Following the wash with PBST, the blots with monoclonal FLAG and ubiquitin antibodies were incubated with peroxidase-coupled rabbit anti-mouse immunoglobulin G (1:4,000 dilution). The blots with polyclonal ␤-actin antibodies were incubated with peroxidase-coupled goat anti-rabbit immunoglobulin G (1:5,000 dilution). Detection was performed with the enhanced chemiluminescence method (Amersham). The immunoreactive bands were quantified by densitometric scanning.
Pulse-chase and immunoprecipitation. Cells were metabolically labeled for 2 h with 50 Ci/ml trans- 35 S-label, a mixture of 70:30 [ 35 S]methionine/cysteine (ICN). The radioactive medium was then removed, and the cells were chased in cold media. The chase was terminated by a wash in PBS. The cells were lysed in a buffer containing 1% Triton X-100, 50 mM Tris-Cl, pH 7.4, and 300 mM NaCl. Cell debris was cleared by centrifugation, and cell lysates were subjected to quantitative immunoprecipitation with the FLAG antibody (8.8 g antibody was used for 500 g lysates, representing an equal number of cells). Immunoprecipitated proteins were analyzed by SDS-PAGE. Radioactive bands were visualized by autoradiography and quantified by phosphorimaging.
Electrophoretic mobility shift assay (EMSA). Cells were lysed in cytoplasmic lysis buffer. Cytoplasmic lysates were analyzed for IRE-binding activity by an electrophoretic mobility shift assay with a 32 P-labeled IRE probe (23) . RNA interference. A pSUPERretro vector-based approach was employed to knock down Nfs1 with gene-specific targeting sequences corresponding to positions 1040 to 1059 (GCACCATTATCCCGGCTGT; huNFS1-R3) of its coding region (1) . Forward and reverse oligonucleotides were annealed and cloned into the BglII-HindIII restriction sites of the vector. Control pSUPERretro and pSUPERretro-Nfs1 vectors were transiently transfected, by using the Lipofectamine reagent (Invitrogen), into 293-GPG packaging cells (kindly provided by J. Galipeau, McGill University) to produce vesicular stomatitis virus G protein (VSVG)-pseudotyped retroviral supernatants. After 48 h, conditioned media were passed through a 0.45-m filter and utilized for infection (six times with 12-h intervals) of HeLa cells in the presence of 8 g/ml Polybrene (Sigma). Puromycin-resistant, stably transduced cells were selected and expanded, and the expression of Nfs1 was monitored by immunoblotting.
Aconitase assay. Cells were lysed either with cytoplasmic lysis buffer or with digitonin (to prepare pure cytosolic extracts devoid of mitochondrial contamination) (14) . Aconitase activity in crude or pure cytosolic extracts was measured by the reduction of NADP ϩ at 340 nm in a coupled reaction with isocitrate dehydrogenase, in the presence of 200 M citrate as substrate (7, 14) . One unit of aconitase was defined as the amount that converts 1 mol of substrate per minute at pH 7.4 and 25°C. The activity was always normalized to the total amount of protein in the extracts.
Statistical analysis. Data are shown as means Ϯ standard deviations (SD). Statistical analysis was performed by either the unpaired Student's t test or the one-way analysis of variance test with the Prism GraphPad software (version 4.0c).
RESULTS
The constitutive IRP1 C437S mutant is sensitive to irondependent degradation by the proteasome. Because C437 is critical for ISC coordination, IRP1 bearing a C437S point mutation remains an apo-protein and displays constitutive IRE-binding activity (17, 29) . We previously developed H1299 cells expressing functional FLAG-tagged IRP1 C437S by a tetracycline-dependent promoter (HIRP1 mut cells) (41) . The removal of tetracycline from the media results in robust expression of IRP1 C437S (Fig. 1A) . Readdition of tetracycline inhibits de novo synthesis of the protein and allows studies on its stability. Under these conditions, we noticed that an overnight treatment of cells with iron, either in the form of FAC or hemin, drastically decreased the expression (Fig. 1B) and the IRE-binding activity (Fig. 1C) of IRP1 C437S . These responses were completely blocked by the iron chelator DFO (lanes 3 and 5 in Fig. 1B and C) . In a time course experiment, iron destabilized IRP1 C437S within 12 h and promoted its complete degradation after 24 h (Fig. 1D) . None of the manipulations The effects of iron on IRP1 C437S stability were directly assessed by a pulse-chase experiment (Fig. 2) . HIRP1 mut cells were metabolically labeled with [
35 S]methionine/cysteine for 2 h. Subsequently, the cells were subjected to iron perturbations during a chase for 6 to 24 h, and the decay of IRP1 C437S was monitored by immunoprecipitation with the FLAG antibody ( Fig. 2A) . In the presence of FAC during the chase, the half-life of IRP1 C437S was reduced from ϳ24 h to ϳ10 h (Fig.  2B ). Taken together, these results demonstrate that IRP1 C437S is sensitive to degradation in the presence of high concentrations of heme or nonheme iron.
To gain mechanistic insights, we examined the potential of various drugs to interfere with the degradation pathway (Fig.  3) . Actinomycin D and cycloheximide, which are established inhibitors of mRNA transcription and translation, respectively, efficiently antagonized IRP1 C437S turnover in response to FAC or hemin (Fig. 3A) without affecting IRP1 C437S expression in the absence of iron sources (data not shown). This indicates that active protein synthesis is required for the iron-dependent degradation to occur. While ammonium chloride and bafilomycin A1, which block protein degradation in lysosomes, did not have any appreciable effect on IRP1 C437S stability, the proteasomal inhibitors MG132 and lactacystin abolished IRP1 C437S degradation in cells exposed to FAC (Fig. 3B) . Importantly, the arrest of the degradation pathway by MG132 was associated with the accumulation of polyubiquitinated IRP1 C437S species (Fig. 3C, upper panel) . The lack of signal in extracts of tetracycline-treated cells (lanes 1 to 4) underlies the specificity of this response. The absence of tetracycline throughout the experiment (lanes 5 to 8) allowed continuous expression of IRP1 C437S ; under these conditions, the steadystate levels of IRP1 C437S were not affected by the iron treat- (Fig. 3C, bottom panel) . In conclusion, the data in Fig. 3 suggest that the iron-dependent degradation of IRP1 C437S requires active protein synthesis, proceeds via the proteasome, and involves ubiquitination of the protein.
Tetracycline-dependent expression of IRP1 wt . H1299 cells were engineered for tetracycline-dependent expression of wildtype IRP1 (HIRP1 wt cells). Removal of tetracycline from the media derepressed the expression of FLAG-tagged IRP1 wt in HIRP1 wt cells at levels comparable to those of IRP1 C437S in HIRP1 mut cells (Fig. 4A) . The accumulation of transfected IRP1 wt was associated with a dramatic increase in IRE-binding activity (Fig. 4B, lanes 1 to 2) . This was likewise comparable to the activity of transfected IRP1 C437S in HIRP1 mut cells (Fig.  4B, compare lanes 2 and 4) , previously estimated to represent a ϳ100-fold increase over the activity of endogenous IRP1 (41) .
A treatment of HIRP1 wt cells with FAC for 12 h resulted in a ϳ15% decrease in the IRE binding (Fig. 5A) and a concomitant ϳ15% increase in aconitase activity (Fig. 5B ) of IRP1 wt , without affecting its steady-state levels (Fig. 5C) . To calculate the alterations in aconitase, endogenous activity unrelated to IRP1 wt expression (Fig. 5B, ϩtet) was subtracted. The ratios of IRE-binding or aconitase activities of IRP1 wt with its mass define the relative distribution of the protein between the [4Fe-4S]-and the apo-forms. These calculations reveal that in the absence of an exogenous iron source, the vast majority (ϳ80%) of IRP1 wt was expressed as an apo-protein and only ϳ20% assembled an ISC (Fig. 5D ). The addition of FAC expanded the pool of [4Fe-4S]-IRP1 wt by ϳ15% (Fig. 5D ) but failed to promote a complete ISC switch, suggesting that iron was only partially limiting for full-scale ISC assembly. Similar results were obtained with at least three additional clones of H1299 cells expressing high levels of IRP1 wt (data not shown).
Iron-mediated proteasomal degradation of transfected wildtype apo-IRP1. Having established that overexpressed IRP1 wt predominates in the apo-form, we evaluated whether iron affects its stability in a time course experiment (Fig. 6A) . (Fig. 6B) , by analogy to IRP1 C437S (shown in Fig. 3C ). In conclusion, these results suggest that iron triggers the degradation of apo-IRP1 by the proteasome. Partial depletion of mitochondrial Nfs1 inhibits ISC assembly and sensitizes endogenous IRP1 to iron-dependent degradation. To investigate the biological relevance of the above findings, we established conditions for inhibition of ISC formation in endogenous IRP1. A small interfering RNA (siRNA) approach was designed to knock down the cysteine desulfurase Nfs1, which catalyzes an essential step in ISC biogenesis of mitochondrial proteins (20) but also of cytosolic IRP1 (1). HeLa cells were infected with VSVG-pseudotyped retroviral particles containing pSUPERretro-Nfs1 to target Nfs1, or control empty vector. Two weeks postinfection, stably transduced cells were selected and the content of Nfs1 was monitored by immunoblotting. The siRNA targeting reduced the expression of Nfs1 by ϳ85% (Fig. 7A) . This was associated with a ϳ4-fold induction in IRE binding (Fig. 7B and C) and a ϳ30% decrease in aconitase activity (Fig. 7D) , consistent with recent observations showing Nfs1-related defects in the activity of ISC-proteins (1, 9) . Notably, while the complete elimination of Nfs1 severely inhibited growth of HeLa cells (1), the stably transduced HeLa cells with ϳ15% residual expression of this protein did not exhibit any growth defects (Fig. 7E) . We conclude that the partial depletion of Nfs1 promotes a shift in the pool of cellular IRP1 from the [4Fe-4S]-to the apo-form, apparently due to inhibition of the ISC assembly pathway.
To examine the effects of iron on the stability of apo-IRP1, control and Nfs1-deficient HeLa cells were exposed overnight FIG. 6 . Iron-dependent degradation of IRP1 wt by the proteasome. (A) HIRP1 wt cells were grown without tetracycline to accumulate FLAG-tagged IRP1 wt . After 48 h, tetracycline (2 g/ml) was added back in the media and the cells were exposed for the indicated time intervals to 30 g/ml FAC or 100 M hemin (no addition is marked by "ctrl"). The expression of FLAG-tagged IRP1 wt (top) and control ␤-actin (bottom) was analyzed by immunoblotting. (B) HIRP1 wt cells were grown for 48 h in the absence (Ϫ) or presence (ϩ) of 2 g/ml tetracycline (tet) and left untreated or treated overnight with 30 g/ml FAC and/or 10 M MG132. Cell lysates were prepared and subjected to quantitative immunoprecipitation (IP) with the FLAG antibody. to DFO or hemin. In control cells, IRP1 expression was largely unresponsive to iron perturbations (Fig. 8A, top panel, and B) . However, in Nfs1-deficient cells, DFO appeared to stabilize IRP1, while hemin decreased IRP1 levels by a lactacystinsensitive mechanism. As expected, IRP2 was induced by DFO and destabilized by hemin in a similar fashion in both control and Nfs1-deficient HeLa cells (Fig. 8A, middle panel) , while the expression of control ␤-actin remained unaffected (Fig. 8A , bottom panel). Taken together, these results suggest that, under conditions where ISC biogenesis is impaired, endogenous apo-IRP1 is sensitized for iron-dependent proteasomal degradation.
DISCUSSION
IRP1 is primarily regulated by an unusual posttranslational mechanism involving a reversible ISC switch (26, 31) . Thus, in iron-depleted cells, IRP1 predominates as an apo-protein and exhibits IRE-binding activity. In iron-replete cells, the IREbinding activity is abolished by the assembly of an ISC and IRP1 acquires enzymatic activity as cytosolic aconitase. Earlier reports also established that IRP1 is a relatively stable protein, with a half-life of Ͼ12 h that is not affected by iron (27, 37) , in sharp contrast to IRP2, which undergoes rapid iron-dependent degradation by the proteasome (15) .
We have shown that IRP1 bearing a phosphomimetic S138E substitution is sensitive to iron-mediated degradation that can be blocked by proteasomal inhibitors (8) . Importantly, the conserved S138 is located in close proximity to the aconitase active site cleft (6) and its replacement with a negatively charged glutamate residue compromises the stability of the ISC under aerobic conditions (3, 8) . Even though these data were obtained with a nonphysiological mutant, they have raised the intriguing possibility for an additional mode of IRP1 regulation besides the established ISC switch, at the level of protein stability.
Here, we first utilized IRP1 C437S , an IRP1 variant exhibiting a more direct defect in ISC formation, due to the replacement of crucial C437, that anchors the [4Fe-4S] cluster (6) . We demonstrate that exposure of HIRP1 mut cells to heme or nonheme iron destabilized IRP1 C437S (Fig. 1 ) and accelerated its degradation (Fig. 2) . This was antagonized by actinomycin D and cycloheximide (Fig. 3A) , suggesting that the iron-mediated degradation of IRP1 C437S requires ongoing transcription and apparently depends on the synthesis of independent protein(s), by analogy to IRP2 (16, 40) . The inhibitory effects of MG132 and lactacystin (Fig. 3B) implicate the proteasome in the degradation pathway. Moreover, the mechanism involves ubiquitination of IRP1 C437S (Fig. 3C) .
Interestingly, similar results were obtained with HIRP1 wt cells, expressing wild-type IRP1 under the tight control of a tetracycline-dependent promoter. Both IRP1 C437S and IRP1 wt were expressed at high levels ( Fig. 4A ) and exhibited profound IRE-binding activities (Fig. 4B) . IRP1 wt predominated in the apo-form, even after treatment with FAC, which merely promoted a partial assembly of its ISC (Fig. 5) . Note that iron supplementation was sufficient to drastically reduce the IREbinding activity of endogenous IRP1 in various cell lines (16, 24, 28) , which is indicative of an efficient ISC switch. Our data suggest that the apparently low efficiency of IRP1 wt to assemble an ISC is only partially due to the unavailability of iron. We speculate that this response may be related to a saturation of the ISC assembly machinery due to overexpression of the substrate rather than reflecting an inherent incompetence of exogenously transfected IRP1 in ISC biogenesis. In support of this notion, previous experiments revealed that exogenous IRP1 wt possesses robust aconitase activity when transfected in B6 fibroblasts (7, 8, 18) or HEK293 cells (4) . Figure 6 demonstrates that, similar to IRP1 C437S , overexpressed IRP1 wt undergoes degradation in iron-loaded cells, by a mechanism that involves ubiquitination. IRP1 wt appears relatively more resistant than IRP1 C437S following iron treatments (compare Fig. 6A with 1D) , consistent with partial ISC assembly that stabilizes the protein. It should be noted that the kinetics for iron-dependent degradation of IRP1, in the form of either IRP1 wt (Fig. 6A ), IRP1 C437S ( Fig. 1D and 2 ), or IRP1 S138E (8) , are substantially slower than the degradation of IRP2 in response to iron (15, 39) . Experiments are under way to identify and characterize sequences within IRP1 and IRP2 that account for these differences.
The data in Fig. 1 to 6 establish a link between the stability of IRP1 and the status of its ISC. This is further substantiated by the sensitization of endogenous apo-IRP1 for iron-dependent degradation in HeLa cells partially depleted from the cysteine desulfurase Nfs1 (Fig. 7 to 8) , an essential factor for ISC biogenesis (20) . Likewise, the siRNA-mediated depletion of Nfs1 in NIH 3T3 cells decreased IRP1 content without affecting the levels of xanthine oxidase, an unrelated ISCcontaining protein (9) . These results are also consistent with the decreased abundance of IRP1 in iron-rich livers from Sod Ϫ/Ϫ and Abcb7 Ϫ/Ϫ mice, which display defects in ISC maintenance and assembly, respectively (4).
It is noteworthy that the depletion of Nfs1 activated IRP1 for IRE binding ( Fig. 6 ; also see references 1 and 9), suggesting that this protein is also functional in cytosolic ISC biogenesis. Because IRE/IRP1 and IRE/IRP2 complexes from human cell extracts comigrate in gel shift assays, it is formally possible that IRP2 may also contribute to the increase in total IRE-binding activity shown in Fig. 7 . However, the knockdown of Nfs1 did not affect the expression of IRP2 (Fig. 8A) . Along these lines, the disruption of ISC biogenesis by siRNA-mediated suppression of the scaffold protein Isu1 in HeLa cells not only activated IRP1 for IRE binding but also induced IRP2 expression (38) . It is conceivable that further elimination of the residual (ϳ15%) Nfs1 expression may trigger IRP2 responses, similar to those observed in Isu1-depleted cells.
In summary, we describe a mechanism for IRP1 regulation at the level of protein stability, which complements the "classical" ISC switch and, moreover, couples ISC biochemistry with protein turnover. We propose that the ISC not only converts IRP1 into a cytosolic aconitase but also stabilizes the protein against proteolysis. The model illustrated in Fig. 9 postulates that under conditions where IRP1 fails to assemble an ISC in response to increased cellular iron levels, excess IRE-binding activity is irreversibly controlled by protein degradation via the ubiquitin-proteasome pathway. Physiological conditions favoring the operation of this alternative mechanism remain to be identified. 
